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Abstract Among various architectures of polymers, end-group-free rings have attracted growing interests due to
their distinct physicochemical performances over the linear counterparts which are exemplified by reduced

hydrodynamic size and slower degradation. It is key to develop facile methods to large-scale synthesis of polymer rings
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with tunable compositions and microstructures. Recent progresses in large-scale synthesis of polymer rings against
single-chain dynamic nanoparticles, and the example applications in synchronous enhancing toughness and strength
of polymer nanocomposites are summarized. Once there is the breakthrough in rational design and effective
large-scale synthesis of polymer rings and their functional derivatives, a family of cyclic functional hybrids would be
available, thus providing a new paradigm in developing polymer science and engineering.

Keywords Cyclic polymer; Large-scale synthesis; Single-chain nanoparticle; Performance; Composite

1 Introduction

Conventional polymer chains contain diverse end groups which exhibit significant impacts on physical
properties such as glass transition behavior, crystallinity and viscoelasticity''. In comparison, cyclic polymers
(or rings) without end groups display superior performances, including reduced melt viscosity'?' , smaller
hydrodynamic size'®, higher glass transition temperature and crystallinity “ .. The cyclic polymers are more

[7,

promising in such as biomedicine'”* and optoelectronics™®’. As an example, a cyclic polymer coating can more

effectively suppress nonspecific protein adsorption'”. In a gel network, cyclic polymers act as dynamic cross-

linkers, resulting in a higher elastic modulus and mechanical stability'"".

Cyclic poly (ethylene glycol)
(PEG) -coated Au NP becomes more stable against aggregation under thermal and solvent variations'?'. The
cyclic polymers without chain-end steric hindrance can self-assemble into more compact core-shell micelles.
Cyclic polymers are superior in enhancing thermal resistance and ionic stress since inter-micellar bridging and
entanglement from the chain ends are absent. Conventionally, multiple analytical techniques including gel
permeation chromatography (GPC), analytical ultracentrifugation (AUC) , nuclear magnetic resonance (NMR)

[13716) are combined to differentiate between linear precursors,

spectroscopy, and light scattering measurements
intramolecular ring closure, and intermolecular coupling products. Each technique provides the corresponding
specific aspects. The information on molecular weight and distribution and hydrodynamic volume by GPC
yields indicates that one cyclic polymer exhibits a longer retention time than the linear precursor. The accurate
molecular weight and sedimentation coefficient could be measured by AUC. A cyclic structure should display
a higher sedimentation coefficient. NMR offers the information on atomic-level structural and connectivity
details. And light scattering methods provide the information on absolute molecular weight and topological
parameters. The combinational characterization provides a comprehensive analysis to distinguish cyclic and
linear polymer architectures. However, extensive exploration of the unique performances of cyclic polymers in
practical applications remains highly restricted by the lack of effective methods to synthesize a large quantity of

pure polymer rings'"" ",

2 Recent Advances in Large-scale Synthesis of Polymer Rings

Since the first identification of biomacromolecular cyclic topologies in 1960s, development of effective

synthetic methods to large-scale fabrication of polymer rings has gained growing interest >,

The conven-
tional “ring-chain” equilibrium method inevitably yields impurities of high molecular weights®'. The classical
synthetic methods are essentially classified into two categories of ring-closure and ring-expansion (Fig.1). The
historical advances in synthesis of polymer rings and the characteristics have been comprehensively surveyed

25—29

in a series of review papers ™ ). The former method involves the continuous inserting of monomers into the

30,31]

cyclic catalysts to achieve the rings after the polymerization' Although high-molecular-weight polymer
rings could be synthesized at a relatively high concentration, the method is highly restricted for specific monomers
and cyclic catalysts. And the polymerization lacks precision control with a broad molecular weight distribution

and multi-cycle impurities coexistent. In comparison, the ring-closure method offers superior compatibility with

Chem. J. Chinese Universities, 2026, 47(1), 20250212 20250212(27/41)
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the advanced polymerization techniques including atom transfer radical polymerization (ATRP) , reversible

32,33]

addition-fragmentation chain transfer polymerization (RAFT) and living anionic polymerization' In

principle, precision synthesis of cyclic architectures becomes feasible since a family of well-defined telechelic
polymers and efficient cyclization reactions are readily available. In practice, the method is valid for those
polymers of appropriate molecular weights (M, ) below 25000, which could be well rationalized by classical

34]

Jacobson-Stockmayer theory Otherwise, the end groups would be separated too far to contact for the

effective closure. What’ s more, tedious separation of catalysts after the cyclization makes the method less

), Development of facile methods for the large-scale synthesis of polymer rings in concentrated

attractive
solutions remains challenging, and further exploration of unique performances of polymer rings and practical

applications are severely delayed.

(A)
Bimolecular homodifunctional approach Unimolecular homodifunctional approach Unimolecular heterodifunctional approach

(B) Ring-expansion approach

L N

oL /N
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N

Fig.1 Schematic ring closure method to prepare cyclic polymers via three representative strategies(A) and
the ring-expansion strategy(B)">*
(A) A,+B, bimolecular coupling, A, unimolecular self-cyclization, A-B unimolecular self-cyclization.

Copyright 2009, the Royal Society of Chemistry.

2.1 Coupling Reactions
Traditional synthesis of cyelic polymers of high molecular weights via ring-closure should be conducted

l [36]

under dilution conditions in order to suppress intermolecular reactions. Since Rempp et al."* reported the

synthesis of cyclic polystyrene via coupling di-functional living PS chains (achieved by anionic polymerization )
with dibromo-p-xylene, it has been proved that various linkers are effective to achieve the coupling™™ .
Although a family of cyclic polymers of high molecular weights have been synthesized, the cyclization
is usually inefficient below 50%. And a tedious separation is involved in order to achieve pure cyclic
polymers.

Significant increment of cyclization yield is crucial in development of highly efficient coupling methodolo-
gies for ring-closure. Tillman et al. ™' developed a radical trap-assisted atom transfer radical coupling
(RTA-ATRC) with nitrosobenzene to generate telechelic poly (methyl methacrylate) (PMMA ) with radical
terminal ends. The cyclization was performed by radical coupling at a concentration of 7 mg/mL.

Tezuka et al."*>

proposed a novel zwitterionic approach to prepare telechelic polystyrene (PS) and poly (tetrahy-
drofuran) [ poly (THF) ] with complementary cyclic ammonium and carboxylate groups at the opposite ends,
and further achieve the efficient ring closure by subsequent electrostatics driven self-assembly and covalent
bonding. The end groups approach at a closer proximity after the electrostatics-assisted pre-organization,
and the covalent coupling efficiency is significantly improved. The representative reactions of Williamson
etherification'™ and double strain-promoted azide-alkyne clicking (DSPAAC) are proved applicable for the

]

ring-closure (Fig.2) “**/, The coupling reactions are valid for bi-molecular cyclization, offering the kinetic

and thermodynamic merits to improve cyclization efficiency at a higher concentration.

Chem. J. Chinese Universities, 2026, 47(1), 20250212 20250212(28/41)
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Fig.2 Double strain-promoted azide-alkyne clicking toward the efficient ring-closure reactions™’
Copyright 2020, American Chemical Society.

2.2 Circulatory Cyclization Strategy

Conventional ring-closure should be performed under ultra-dilute conditions with a low yield inherently.
In order to break this restriction, continuous-flow technique was proposed to increase cyclization efficiency in
a final concentrated solution. Zhu et al.""' reported an evaporation-condensation-extraction-inflow strategy for
the Cu-catalyzed azide/alkyne cycloaddition(CuAAC), enabling the gram-scale synthesis of cyclic polystyrene
(PS) and poly (methyl methacrylate) (PMMA) (Fig.3). The linear precursor was injected at an extremely
low concentration. After the cyclization and evaporation of the solvent, the cyclic product was separated by
precipitation while the linear polymer remained soluble. It is noted that the circulatory cyclization could
continuously proceed until all the batched linear polymers were completely consumed. Zhang et al. *
proposed a smart method by light-induced cyclization between thiocarbonyl and salicylaldehyde moieties at
the linear PS to achieve the cyclic polymer at a gram-scale. This method could be further extended by

incorporating a solvent circulation system to lower solvent consumption*’.

Along with the continuous-flow
routine, [ 2+2 ] photocycloaddition was performed on styrylpyrene terminated polymers| PS, polyethylene oxide
(PEO) , poly-g-caprolactone (PCL) | to achieve scalable production of the corresponding cyclic polymers at a
rate of 54 mg/h"™"". Similarly, the Glaser coupling was used in a micro-reaction system toward efficient synthe-
sis of cyclic polymers™". Although continuous-flow represents a substantially intensified progress, the strategy

essentially follows the dilute guideline in order to ensure the efficient intramolecular cyclization.
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Fig. 3 Schemes of the reaction and equipment to synthesize cyclic polymers by ATRP-CuAAC cyclization via
the evaporation/condensation/extraction/inflow process”
Copyright 2013, John Wiley and Sons.
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2.3 Solvation Strategy

Rational manipulation of solvation of polymers enables precision control of their aggregation, thus increasing
the cyclization efficiency. Inthe case of a-alkyne and w-azide terminated poly(2-alkyl-2-oxazoline) copolymers™,
increment of the hydrophilicity is conducive to solvation of the polymer to achieve a high cyclization yield of
86% at a high concentration of 3 mg/mL. Liu et al.”™*' developed a micelle-unimolecule equilibrium strategy of
a-alkyne and w-azide terminated POEGMA based diblock copolymer to achieve the “selective” intramolecular
“click” ring closure (Fig.4). While the block of PEO,GMA is responsible for forming the core with the azide
groups embedded thus protected inwardly at an appropriate temperature, the block of PEO,GMA is responsible
for stabilizing the micelle at the corona with the alkyne groups positioned at the exterior surface. It is noted

that the ring-closure should be conducted slowly. It remains challenging to achieve much higher efficient ring-

closure at a much higher concentration toward large-scale synthesis of pure polymer rings.

T>CMT Expulsion
—_— -.
10 g/L,40°C Insertion
linear-PMEO,MA-b-POEGMA-N, Unimers: linear-PMEO,MA-b-
O N POEGMA-N, (clickable)
7 O N3 Micelles
//\ 2 A (unclickable)
a3 a “Click” Ring
Closure
O 0 Insertion
7‘/ e ———————1 m
=l
P V2 P Expulsion
Alkynyl Azide Triazole . . Unimers: cyclic-PMEO,MA-b-
Group Group Group Flower-Like Micelles POEGMA

Fig. 4 Schematic preparation of copolymer rings by combinational supramolecular self-assembly and

“selective” intramolecular “click” ring closure™

Copyright 2009, American Chemical Society.

2.4 Single-chain Nanoparticle Confined Couplings
Natural species including highly charged polymers such as DNA and RNA are self-assembled in

[54]

corresponding confined cargos such as viral capsids and cells to perform biological functions™*. Inspired by

these compact hierarchical structures, it is anticipated that polymer rings could be effectively synthesized

3757 yeported the cyclization of an example polymer of anthracene

under such crowded conditions. Hong et al.'
terminated poly { [oligo (ethylene glycol) acrylate ] -co- (dodecyl acrylate) | [P (OEGA-co-DDA) | within the
self-folding single chain nanoparticles. In an aqueous solution, the linear polymer can spontaneously fold
into a single-chain nanoparticle (SCNP) at a relatively high concentration (40—90 mg/mL) depending on the
OEGA/DDA molar ratio. While the PDDA segment is responsible for forming the core by hydrophobic associa-
tion, the POEGA segment is responsible for stabilizing the SCNP by hydrogen bonding with water. Upon UV
irradiation, the anthracene groups at the ends are cyclized to achieve the ring closure. This approach relies on
stringent control of composition and architecture of the polymers for the effective self-folding of single-chains.
At a higher concentration, intermolecular aggregates of multi-chains may coexist with the SCNPs, and the

exclusive intramolecular ring closure at the SCNP will fail.

Alternatively, Yang et al.”™® proposed a robust strategy for large-scale synthesis of highly pure polymer

Chem. J. Chinese Universities, 2026, 47(1), 20250212 20250212(30/41)
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rings via electrostatics-mediated ring-closure at the dynamic SCNPs in more concentrated solutions (Fig.5).

The strategy is universal for a range of polymers and ring-closure chemistries. For example, in poly [ 2- (di-
methylamino ) ethyl methacrylate ] (PDMAEMA ) based random and block copolymers, the dynamic SCNPs can
be effectively formed within minutes by the electrostatics-mediated intramolecular crosslinking at an unprece-
dentedly high concentration above 200 mg/mL. When salicylaldehyde and dithioester groups are terminated at
the telechelic PDMAEMA chains, the coupling can be completely achieved at the dynamic SCNP within
10 min under UV irradiation at 365 nm at a high concentration of 150 mg/mlL. It is noted that the ring closure
is exclusively in the intramolecular mode, and no intermolecularly crosslinked byproducts are detected. After
elimination of the acids from the dynamic SCNPs with NaHCO,, pure polymer rings were obtained. The
ring-shape could be visualized under TEM after extending the ring via grafting PEO-NCO with hydroxyl-groups
onto the ring[ Fig.5(B) ]. In comparison, the linear polymer chain displays the shape of nanowire under TEM
upon the chain extension[Fig.5(C) ]. Poly (2-(dimethylamino) ethyl methacrylate ) -co-poly ( pentafluorophe-
nyl methacrylate) and poly (phenyl methacrylate ) -block-poly[ 2- (dimethylamino) ethyl methacrylate ]-co-poly
(pentafluorophenyl methacrylate) -block-poly (phenyl methacrylate) were used as the example random and
block copolymers to derive the corresponding polymer rings with tunable compositions and microstructures.
In order to demonstrate the generality of the method, thiol-ene terminated telechelic PDMAEMA chains
were used for large-scale synthesis of polymer rings by UV initiation at 415 nm in the presence of catalytic
diphenyl (2, 4, 6-trimethylbenzoyl) phosphine oxide (TPO). The electrostatics-mediated ring closure at dynamic
SCNPs is highly advantageous in easy processing at higher solid content, higher conversion rate, and nearly
100% purity. This method paves the avenue to providing sufficient amount of pure polymer rings with tunable
compositions and microstructures, and enables extensive exploration of their unique performances for practical
applications. Similarly, another exemplary functional copolymer of poly (pentafluorophenyl methacrylate ) -
block-poly[2-(dimethylamino) ethyl methacrylate ]-block-poly (pentafluorophenyl methacrylate) was synthesized
by RAFT polymerization, and AlEgens and styryl groups were further grafted onto the end blocks by reactions

A)

WalRE Sl Vi 23

Fig. 5 Electrostatics-mediated ring closure at the dynamic SCNP toward large-scale synthesis of pure polymer
rings(A) and TEM images of the ring(B) and linear(C) polymer upon the chain extension*®

Copyright 2025, American Chemical Society.
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with 1- (4-aminophenyl) -1, 2, 2-triphenylethene and 4-vinylaniline. The electrostatics-mediated ring-closure
at the dynamic SCNP was successfully achieved at 50 mg/ml., which is inaccessible for the conventional ring
closure methods. As a result, the AlEgen-functionalized polymer ring gives rise to a bright monochromic fluo-
rescence at 417 nm, originating from individual compact AlEgen clusters on the ring. In comparison, the ag-
gregates formed after intermolecular crosslinking exhibit additional emission at 480 nm from the coupled clus-
ters. The unique AIE behavior of polymer rings offers a direct and sensitive method to discriminate intramolec-

ular ring-closure and intermolecular crosslinking.

3 Properties of Polymer Rings

Polymer rings exhibit superior physicochemical properties over the linear counterparts owing to the closed-

loop topologies. The covalent linkage of chain ends into a circular architecture eliminates the terminal groups

]

and manifests profound effects on macroscopic performances at multi-scales™’. In biomedical applications,

ring polymers exhibit unique diffusion behavior that holds great promises in drug delivery and DNA/RNA
genetic encoding and expression. The construction of thermodynamic models based on intermolecular
interactions enables to quantitatively describe the energy change during the drug-ring polymer complexation,

providing a guidance to enhance stability of the complexes and their compatibility with physiological environ-

59]

ments ™. The self-assemblies between ring polymers and drug molecules are highly promising for delivering

drugs and genes'* ),

3.1 Thermal Properties

The segmental dynamics and molecular interactions of polymer rings are significantly different, leading

[63]

to distinct thermal behavior The poly (vinyl ether) based polymer ring was synthesized by cationic

ring-opening polymerization by using a hemiacetal ester-based cyclic initiator ®*'.

As expected, the polymer
ring exhibits a notably higher glass transition temperature (7., C) (Fig. 6), which originates from the reduced
g y mg g p g 2 g

free volume. And the polymer rings display higher crystallization temperatures (7,, “C ) and melting

points(T,, ‘C)',
A) (B) 110
o )
~o 0 100f ©
n
(0]
©
Cyclic & 90
~

W/o—g

n 0] -

o 80 L
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)1 % 70 ! ! I
0 0.5 1 15 2 25

M, x 104

Fig. 6 Structures(A) and glass transition temperatures(B) of poly(vinyl ether) based rings and

linear chains of varied molecular weights®!

Copyright 2017, American Chemical Society.
3.2 Rheological Properties
Intrinsic viscosity and relaxation dynamics of polymer rings are greatly different from their linear
counterparts®’. A trace amount of polymer rings could result in a dramatically increased viscosity in polymer
melts by the “threading” effect, where the linear chains penetrate the polymer rings to form an additional
entangled network . A series of high-purity cyclic polystyrene (C-PS) samples with varied molecular weights

(M,=16000—370000) was synthesized by the ring-closure reactions and subsequent careful purification by

Chem. J. Chinese Universities, 2026, 47(1), 20250212 20250212(32/41)
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liquid chromatography'®”.

It is shown that the intrinsic viscosity of C-PS( [n].) is substantially lower than
that of its linear counterparts (L-PS, [7],), with an [ ]/[n], ratio of 0. 57—0. 63 which is also dependent
on molecular weight [Fig.7 (A) ]. The lower intrinsic viscosity is understandable due to the reduced chain

entanglement.

24 P N 7

&)

(B)

L-PS o
(’8 ol C\\Qj ]

' [n]c
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d ©
] [n],=1.36 x 10407 % g C\>
é | | 2 18440
= - : i |
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Fig.7 The intrinsic viscosity([n], A)"" and rouse model(solid lines) predicating storage modulus(G’) of polystyrene
rings, and the experimental data(open circles) at a reference temperature of 160 °C(B)'*
(A) Copyright 2017, American Chemical Society; (B) Copyright 2015, American Chemical Society.

The rubbery plateau in stress relaxation spectra disappears since the free chain ends are absent in the
polymer rings with a significantly lower entanglement density [ Fig.7(B) ]. The relaxation behavior dependence
on molecular weight indicates that the relaxations are more hindered at higher molecular weights ® ™,
Multi-scale simulations of polystyrene rings reveal that the terminal relaxation is accelerated with the rubbery
plateau diminished. It is found that entanglement length of the polymer rings is approximately twice that of the
linear chains”". Both the theoretical and experimental results reveal that the polymer rings display a rather
weaker shear thinning behavior with an exponent parameter of 0. 57 than the linear polymers with an exponent

parameter of 0.89. Scaling theory further elucidates that polymer rings demonstrate a lower zero-shear

[72]

viscosity . For sufficiently large polymer rings, threading by other polymer chains into the closed cavity is

allowed to generate unique clusters in the polymer alloys' ™. The resultant topological constraints give rise to

[74—76

restricted relaxation dynamics and complicated rheological behavior !, Simulation results indicate that the

7779

threading results in remarkably increased melt viscosity and mechanical toughness'” ™. While polymer rings
and linear chains exhibit comparable Rouse dynamics at short timescales, polymer rings are capable of
suppressing non-Gaussian behavior at longer timescales, displaying a spatially homogeneous segmental
dynamics by inter-ring cooperativity *. Rigid polymer rings demonstrate an anomalous rotational diffusion in
melts. The rheological analyses reveal that polymer rings impart a frequency-dependent viscoelastic response
with a higher viscosity at an elevated frequency, providing fundamental guidelines to design strong and tough

[81,82]

polymer materials . Rubinstein et al. proposed a comprehensive theoretical framework based on affine and

phantom network models to well describe the mechanical response and rheology of polymer ring enhanced

8381 The closed-loop topology of polymer rings endows unique rheological properties to design and

melts'
fabricate high performance polymer materials.
3.3 Self-assembly and Phase Behaviors

Cyclic polymers, as the end-free closed-loop architectures, own the distinctive topological constraints to
govern the mobility of chain segments, thus regulating their thermodynamic characteristics and inducing
remarkable size reduction and structural alteration during self-assembly. As a result, unique phase structures

that are inaccessible to their linear counterparts are formed. In the example polystyrene-block-polyisoprene

(PS-PI) based copolymers, while the linear PS-PI forms the “classical” spherical micelle as predicated by the

Chem. J. Chinese Universities, 2026, 47(1), 20250212 20250212(33/41)
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morphological parameters, the cyclic polymer is capable of assembling into a giant wormlike structure through

the “sunflower-like” micelle intermediates™’

. In the case of poly (butyl acrylate)-b-poly (ethylene oxide ) -h-
poly (butyl acrylate) based triblock copolymers, the micelle of cyclic polymer demonstrates an enhanced
thermal stability although spherical micelles of 20 nm in diameter are formed from both the polymers™®. In the
bulk thin-film self-assembled from the cyclic polystyrene-block-poly (ethylene oxide) , the domain spacing is
decreased by approximately 30% compared with the linear polymer film™*”. The remarkable reduction in
domain size is inaccessible by simple decreasing the chain length in the conventional linear polymers. This

finding demonstrates the merit of cyclic topology in constructing smaller patterns by self-assembly.

4 Effects of Polymer Rings in Nanocomposites

4.1 Polymer Rings

The conformational versatility of cyclic topologies under mechanical stress is manifested by flipping,
twisting, and dynamic rearrangements, resulting in efficient energy dissipation and enhanced ductility**. A
norbornene-based ring-opening metathesis was conducted to synthesize the copolymer, which was further

functionalized with 120° dipyridyl ligands™".

The metallacycle crosslinked polymers were constructed by
subsequent self-assembly with either 60° or 120° Pt (II) acceptors [ Figs.8 (A) and (B) ]. A small amount
(0.28%, molar fraction) of the dipyridyl side-chains on the macrocyclic crosslinkers leads to a substantial
enhancement of mechanical performance. The polymer exhibits a high tensile strength of 20 MPa and a Young’s
modulus of 600 MPa and an exceptional toughness over 150 MJ/m’. The metallacycle crosslinkers demonstrate
controllable reversible deconstruction and reformation upon sequential treatment with tetrabutylammonium
bromide and silver triflate, highlighting the outstanding stimuli-responsive nature of the materials. Similarly,

incorporation of dibenzo-24-crown-8(DB24C8) macrocycles into the polymer backbone affords a cyclic-monomer

constructed elastomer network (CCN) of an extraordinary toughness [Fig. 8 (C) ] ™. Copolymerization of
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Fig. 8 Schematic illustration of the rhombic metallacycle crosslinked polymer network(CP-nR) formed using
60° Pt(IT) acceptors(A) and the hexagonal metallacycle crosslinked polymer network(CP-rH) obtained
with 120° Pt(II) acceptors(B)™, schematic formation of CCN(C) and stress-strain profiles of LCN and
CCN at a deformation rate of 100 mm/min(D)*"

(A, B) Copyright 2024, Springer Nature; (C, D) Copyright 2024, John Wiley and Sons.
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DB24C8 monomer with a tetra-armed crosslinker endows the network strands with the crown ether motif. The

CCN exhibits greatly improved extensibility and strength. The CCN demonstrates 66-folds toughness compared
to the linear counterpart| Fig.8(D) |. The stress-induced conformational transition of the DB24C8 macrocycles
promotes synergistic energy dissipation and entropy driven toughening. The distinct binding affinities of
DB24C8 toward various guest species such as potassium ions and secondary ammonium salts enable precise
modulation of the elasticity and stimuli-responsive behavior.

4.2 Ring-chain Threading Structures

The ring-chain threading architecture constitutes a distinctive topological motif at both molecular and
supramolecular scales, which could be extensively derived from macrocyclic host molecules including crown
ethers, cyclodextrins, calix [n] arenes, pillar [n] arenes, and cucurbit [n] urils®". This paradigm is
epitomized by pseudorotaxane and rotaxane complexes with a macrocyclic host threading onto a linear guest
molecular axle, where sliding and rotation are permitted. In order to inhibit the dethreading, bulky stopper
groups are appended at the axle ends to convert the pseudorotaxane into a mechanically interlocked yet stable
rotaxane. When integrated as dynamic functional moieties in polymer networks, the rotaxane/pseudorotaxane
units enable precise modulation of mechanical strength , toughness, and dynamic responsive behavior*>**.

A complex between perfluorophenyl (SFBVI) and substituted phenyl (RBVI) was used as the guest to
interact with the cucurbit [ 8 Juril (CB[8]) macrocyclic host®. An exquisite control over dissociation of the
dynamic crosslinking was achieved by adjusting the hydrophobic environment of the secondary RBVI phenyl
group. The resultant glass-like supramolecular network exhibits a remarkable compressive resilience while the
structural integrity is well retained after 12 cycles of compression and relaxation at 93% of strain. A maximum
compressive strength of 100 MPa was achieved without fracturing. Fast self-healing could be achieved within
120 s at ambient temperature, which is originated from the dynamic sacrificial bonding and quasi-permanent
crosslinking. The H2G2-type monomer consisting of two benzo-21-crown-7(B21C7, H,) macrocyclic hosts and
two diammonium(G,) guest moieties were synthesized for the dynamic interaction(Fig. 9)"“*. The complementary
host-guest recognition between B21C7 and ammonium groups gives rise to the [2]pseudorotaxane crosslinking,
forming a self-crosslinkable supramolecular polymer network (SPN). The SPN is dynamic and reversible in
both solution and gel, which originates from the profoundly temperature and pH triggered dissociation and
reorganization. The network becomes activated at elevated temperature to accelerate the stress relaxation,

making processing and modulation of the materials easier.

I G

\//\
@./ & s
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—) 2

:.‘ Ob!{j«\ ,
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06 07 08 09 10
Crown ether-based SPN T/ T

[95]

Fig. 9 A self-crosslinked supramolecular polymer network of easier processibility and moldability

Copyright 2020, American Chemical Society.

Incorporation of a small molar fraction (<0. 5%) of [2 ] rotaxane crosslinker could attain a simultaneous

enhancement of strength and toughness of the polymer network [Fig. 10(A) ]®. A macromolecular [2]rotaxane
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Fig. 10 Molecular architecture and dynamic behavior of the macromolecular [2]rotaxane crosslinker, and

the mechanical performances of RCP and CCP(A)"" and mechanical interlocking network with a

densely rotaxanated backbone(B)"”

(A) Copyright 2015, American Chemical Society; (B) Copyright 2022, Springer Nature.
crosslinker (RC) was synthesized from a polyester axle with two vinyl— groups capped. Radical polymeriza-
tion of n-butyl acrylate in the presence of RC afforded the rotaxane crosslinked polymer (RCP) , while the
covalently crosslinked polymer(CCP) in the absence of RC served as the control to delineate the distinct effect
of mechanical interlocking versus conventional covalent crosslinking. The RCP exhibits a much higher fracture
stress and strain than the CCP which is attributed to the improved network homogeneity and mobility by the
rotaxane crosslinking. A well-defined difunctional [2] rotaxane monomer bearing vinyl— groups at the
macrocycle and axle was synthesized®”’. A mechanically interlocked network (MIN) with [2] rotaxane was
achieved by photoinitiated thiol-ene click chemistry between 3, 6-dioxa-1, 8-octanedithiol (DODT) and
pentaerythritol tetrakis (3-mercaptopropionate) (PETMP) [Fig. 10 (B) ]. Both rheological characterization and
molecular dynamics simulation reveal a sequential energy dissipation routine from chain orientation to dissocia-
tion of the host-guest interaction, to macrocycle sliding along the axle, and ultimate chain stretching once
the macrocycle is driven to move toward the stopper group. This unique energy dissipation could be greatly
intensified by incorporating MIN within the network to achieve the corresponding exceptional enhancements in
extensibility, stiffness, toughness, and strength. A type of slide-ring materials (SRMs) were synthesized by
threading poly (ethylene glycol) (PEG) chains across the a-cyclodextrin (CD) macrocycles with bulky end

98,99

groups, in which CDs are freely sliding along the backbone akin to pulleys on a rope"®**”. These CD rings are
crosslinked in the shape of figure-of-eight, and the resultant steric hindrance from the end groups is responsi-
ble to preventing the dissociation unless the covalent bonding is cleaved. As a result, the network is much
more stable alongside the unique mobility over the conventional chemical crosslinking. While the conventional
covalently crosslinked gels are prone to chain scission after stress concentration, sliding of polymer chains by
the macrocycles results in cooperative stress dissipation via mitigating damage. A novel entropy driven elasticity
termed “sliding elasticity” is originated from inhomogeneous distribution of the mobile CDs which is weakly
dependent on crosslinking density at low frequencies. This new performance is inaccessible in traditional
networks whose elasticity is originated from conformational entropy which is highly dependent on crosslinking
density. CD sliding is much slower with a much longer dynamic timescale than PEG segmental motion''®, in-
dicating that the polymer deformation is capable of outpacing the pulley-mediated relaxation. The viscoelastic
response of the slide-ring gels is featured with a characteristic “sliding state” at longer timescales or elevated

", The unique sliding elasticity significantly

temperatures which is corresponded to the rubbery plateau'
alleviates stress concentration, thus governing recovery and strain resistance of the materials.

Multicyclic polydimethylsiloxanes(mc-PDMS) with controlled cyclic unit numbers and sizes were synthesized
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via cyclopolymerization of o, @-norbornene-terminated macromonomers . mc-PDMS was effectively fixated

within the network by subsequent in-situ crosslinking of silanol terminated PDMS with the tetrafunctional
crosslinker. The trapping efficiency of mc-PDMS (above 80%) is much higher than that of the monocyclic
PDMS(1c-PDMS), which is well maintained even when the mc-PDMS ring is smaller than the PDMS entangle-
ment molecular weight (M,). This phenomenon is confirmed by fluorescence imaging of the pyrene-dyed
me-PDMS. The higher the number-average molecular weight (M,) is, the higher the topological trapping
efficiency will be. This characteristic is unattainable with single-ring polymers. The network is capable of
incorporating me-PDMS up to 50% (mass fraction). The multicyclic polymers serve as dynamic crosslinkers
akin to molecular pulleys. Simulations reveal that smaller cyclic units at the multicyclic polymers are condu-

%) Different from monocyclic polymers, multicyclic polymers

cive to threading with multiple linear chains'
demonstrate a much higher probability of ring bridging which is key to more effectively modulating mechanical
properties ™. As a result, the example PDMS network containing 60% (mass fraction) of mc-PDMS exhibits
superior damping performance with a higher loss modulus.

4.3 Ring-ring Interlocked Structures

The ring-ring interlocked architecture embodies a distinctive topological motif via mechanical bonding
at molecular scale, in which more than two independent closed-loop molecules are mutually penetrated to
generate a chain-like interlocked configuration. The quintessential example of [n] catenane (n>2) as an
inseparable mechanically interlocked structure consists of topologically entwined cyclic molecules without
covalent linkage®”. Catenanes display unique degrees of freedom covering elongation, twisting, and rotation".
The units are robust in the mechanical integrity by spatial entanglement although the covalent connections are
absent.

Interlocked catenated poly (&-caprolactone ) (PCL) was synthesized via ring-expansion polymerization to
achieve two mechanically interlocked polymers (MIPs) of M,=12000 and 22000[ Fig.11(A) ]"*. DSC results
show that the two polymers display the corresponding lower crystallinities of 42%—49% than the linear
counterparts of 52%—57%, which originates from the constrained mobility imposed by the interlocked
topology. WAXS results further indicate that the linear PCL sample could form a denser crystalline domain
than MIPs [Fig. 11 (B) |, implying that the structural restriction of entanglements is preserved permanently
within the catenane framework. The mechanically linked polycarbonates(PCs) were synthesized by incorporating

1970 Although the polymerization becomes heterogeneous by

[2]catenane units via solid-state copolymerization'
introducing the catenane at a high content, the glass transition temperature (7,, “C) is less influenced by the
catenane moieties. This implies that the substantial internal motional freedom is well retained within the
catenane structure which is greatly distinct from the rigid comonomers such as fluorene diol. Dynamic mechanical
analysis (DMA ) shows a transition at =6 “C in the copolymer film, which is attributed to the motion of either
catenane ring or polymer segment [Fig. 11 (C)]. Even in the catenane-rich domains, polycarbonate chain
dynamics remains decoupled from the catenane motions. A single metal-coordinated [2 ] catenane unit could

108

be incorporated at the polymer mid-chain in MIPs[Fig. 11 (D) ] where catenane flexibility is increased

upon unlocking the macrocyclic entanglement after removal of palladium (Pd) ions to result in profound
alterations in properties. While T, is decreased in polystyrene after the Pd-decomplexation, crystallization in
poly (ethylene oxide ) (PEO) is greatly accelerated[ Fig.11(E) ]. This finding underscores the inherent correla-
tion between enhanced motional freedom within catenane units and that of polymer chains.

Effective synthesis of polycatenane networks (Olympic gels) consisting of interlocked rings remains

d'92‘109l

challenging [ Fig. 11 (F) | although some unique performances have been predicte In nature, some

110

topologies by interlocking DNA molecules are found'""”. DNA-based Olympic hydrogels by dynamic regulation
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Fig. 11 Synthesis of the interlocked catenated poly(e-caprolactone)(A), wide-angle X-ray scattering(WAXS)
patterns of Lin-PCL,, and De-Caten-PCL,, crystals(B)"*", DMA spectra of the PC copolymer containing
20%(mass fraction) of [2]catenane(C)""”, synthesis of the catenane-based mechanically linked polymers
(D) and Pd - removal of catenanes to enhance the polymer chain mobility, reduce 7, and increase
crystallization rate(E) "), schematic Olympic gel(F) and dynamic light - scattering microrheological
behaviors of the enzyme-active gel(G) and permanent enzyme-inactive gel(H)""

(A, B) Copyright 2015, American Chemical Society; (C) Copyright 2003, American Chemical Society;

(D, E) Copyright 2017, American Chemical Society; (F—H) Copyright 2018, American Physical Society.
with topoisomerases could be cleaved by enzymes and organized into DNA strands to facilitate mutual threading
of circular DNA molecules. Introduction of topoisomerases to concentrated circular DNA solutions is necessary
to promote the transient interpenetration and interlocking toward dynamic Olympic gels. After deactivating the
enzymes, the interlocked network is permanently fixated by arresting strand cleavage and recombination'"".
Both dynamic (enzyme-active) and permanent (enzyme-inactive) gels exhibit elastic plateaus which is charac-
teristic of an interlocked network at shorter timescales than enzymatic activity [ Figs.11(G) and (H) J. Over ex-
tended durations, the dynamic gel experiences a fully relaxed stress akin to polymer solutions, whereas the

permanent gel maintains solid-like elasticity. The enzymatic regulation enables reversible fluid-like and

solid-like transition by controlling activity of the topoisomerase.

S Summary and Outlook

Over the past several decades, large-scale synthesis of cyclic polymers has witnessed remarkable
progress. The substantial breakthroughs in synthetic methodology by effective ring-closure are emergent at the
infant stage, providing a powerful tool to fabricate highly pure polymer rings of tunable sizes, compositions

and sequences. Both experiments and computations have elucidated the unique performances of polymer
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rings. Especially, the viscoelastic behaviors could be finely tunable by precise control of the length, stiffness
and microstructure of the polymer rings. The distinctive characteristics in mobility, viscoelasticity, and
mechanical performances of the polymer rings render the flexible modulation of high performance nanomaterials.
Rational design and easy processing of adaptive smart materials will become much easier. The programmable
nanomaterials hold considerable promises in multidisciplinary fields such as energy storage, electronics,

1127170 Despite the impressive strides achieved over the past decade,

biomedicine, and aerospace exploration
it remains challenging to extensively explore unique performances of the polymer rings and the functionalized
nanocomposites toward engineering applications. The key issue remains focused on the development of
facile and effective methods to large-scale fabrication of polymer rings of tunable sizes, compositions and
microstructures. Analogous to linear polymers, control of sequence distribution of multi-compositions along
the rings is pivotal, which is conducive to selective growth of desired functional materials at specific regions.
Controllable conjugation of functional polymer single-chain at selective regions of the hybrid rings will provide
a platform to integrate performances of polymers and nanoparticles toward functional superstructures. The
hierarchically structured functional hybrid rings will be promising in large-scale fabrication of metamaterials
which are responsive to external stimuli of such as optical, acoustic and electromagnetic fields. On the other
hand, the hybrid rings would provide a new paradigm to drive the fast development of polymer science and

engineering.
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